The hydriding/dehydriding characteristics, pressure-composition isotherms and X-ray diffractographs of Mg-rich Mg-Ni-Nd alloys fabricated by different solidifying processes (mold-casting, water-quenching, or melt-spinning) are compared and discussed in relation with their microstructures observed by SEM. Among them, the alloy prepared by melt-spinning and subsequent annealing presents best hydrogen-storage properties. It can quickly absorb hydrogen up to ∼5.0 mass% above 423 K and can wholly desorb it above 453 K with moderate speeds. These enhanced absorption/desorption kinetics are exclusively caused by a refined microstructure of the alloy involving Mg 2 Ni and Nd 2 H 5 precipitates in a Mg matrix as well as by a catalytic action of the Nd-hydride.
Introduction
Owing to low mass densities and high affinities for hydrogen as well as high natural abundance and low environmental impact, Mg and its alloys provide a realistic feasibility for effective use as functional materials for hydrogen storage and transport. However, the poor hydriding/dehydriding (H/D) kinetics (with a time scale of several hours) and high reaction temperatures ( 573 K) strongly limit their practical applications. Furthermore, in Mg-based alloys, H/D cycles at high temperatures inevitably cause degradations, resulting in a decline of the cycle life. 1) Thus the study for improving the kinetics of the alloys to meet the requirement of using at lower temperatures is of great practical significance. Various efforts have been made to overcome this kinetics limitation, among which are involved the addition of catalytic components, the surface treatments of alloy powders, and the alloy fabrication by nonconventional techniques such as mechanical alloying and atomizing, [2] [3] [4] [5] [6] [7] and various H/D characteristics have been revealed depending on the alloy phase structures formed. In spite of these laborious works, techniques for fabricating alloys with high hydrogen capacity ( 5 mass%) as well as high H/D rates, preferably at lower temperatures ( 473 K), have not yet been fully established.
In our former works, [8] [9] [10] we presented a simpler and more efficient method for preparing massive Mg-Ni and Mg-Pd alloys added with a catalytic component of Nd. A Mg-rich MgNi-Nd alloy prepared by full melting and subsequent rapid cooling showed substantially enhanced H/D rates at relatively low temperatures (<573 K) without reducing the high hydrogen capacity of Mg appreciably. The improvement of the kinetics appeared to be due to the addition of Nd as well as a fine-grain structure of the alloy. In the present study, we attempt to further improve the H/D characteristics of this alloy by forming much finer grain structures. The goal of this study is to establish a new technique for producing Mg-based alloys that can efficiently work at temperatures lower than 473 K. * Corresponding author: E-mail: tanaka@mse.nitech.ac.jp
Experimental Procedure
A mixture of appropriate amounts of Mg (99.9 mass%) and Ni (99.9 mass%) powders and Nd (99.9 mass%) chips was sealed in a thick steel crucible (φ30 mm × 2 mm × 100 mm) in pure Ar atmosphere, melted together at 1273 K for 2 hours and quenched into cold water. The sample prepared in this way is termed as-cast (AC). EPMA analyses of this sample showed that it had a composition Mg 86 Ni 10 Nd 4 , which was very close to the designed one Mg 88 Ni 8 Nd 4 . Two other methods were also employed for the sample preparation, both of which utilized the melt-quenching technique: (1) A part of the ingot (∼1 g) of the AC sample was sealed in a thin quartz tube (φ3.5 mm × 0.5 mm × 50 mm) in vacuum, and remelted rapidly at 1273 K followed by quenching into iced water; the sample prepared is termed water-quenched (WQ). (2) Amorphous ribbons (∼20 µm thick and ∼1 mm wide) were fabricated from the AC sample by a melt-spinning technique using a single copper roll, and the ribbons were crystallized by annealing at 553 K (the crystallization temperature was T x ∼ 430 K); the sample prepared in this way is termed meltspun (MS). The cooling rates of these samples from their melt states are expected to increase in the order AC WQ MS. Microstructure observations and phase analyses of these three samples were employed with scanning Auger-electron microscopy (SEM) and X-ray diffraction (XRD) using Cu Kα radiation, respectively. After being crushed into 70 mesh powders, they were fully activated and stabilized by repeating ten hydriding (for 15 ks under 3.0 MPa H 2 ) and dehydriding (for 10 ks in vacuum) cycles at 573 K. The kinetics of the H/D process were measured with a volumetric method using a Sieverts-type apparatus. Figure 1 shows SEM images of the AC (a) and WQ (b) samples before pulverization. As can be seen from the micrographs, they consist of Mg matrix phase (dark gray region) and Mg 2 Ni phase (bright region) with different morphologi- cal characteristics. In the AC sample, Mg 2 Ni is precipitated in the Mg matrix with a coarse dendritic form of ∼10 µm in size, whereas, in the WQ sample, it is more finely dispersed with much shorter dendritic axes below ∼3 µm, reflecting the higher cooling rate of WQ than AC during solidification. In the WQ sample, the matrix phase also shows a substructure composed of Mg grains of ∼1 µm in size. These different microstructures of the AC and WQ samples appear to influence their hydrogen storage properties strongly, as shown below.
Results and Discussion
Figure 2(a) shows the hydriding behavior of the AC sample at 323-623 K. It exhibits excellent hydriding kinetics above 373 K reaching 3.0-4.6 mass%H within 1 ks. The absorption rate increases with increasing temperature attaining the maximum rate at 523-573 K. This sample also exhibits good desorption kinetics, as shown in Fig. 2(b) . It can desorb 80% of the maximum capacity in 0.27 ks at 573 K, 1.6 ks at 523 K and 14 ks at 473 K in vacuum. However, the desorbing time becomes much longer at lower temperatures, and no appreciable desorption practically occurs at 423 K in this sample.
The hydriding behavior of the WQ sample at 323-573 K is shown in Fig. 3(a) . It manifests absorption rates similar to the AC sample above 373 K. However, its desorption properties are much improved, as shown in Fig. 3(b) . The WQ sample desorbs 4.0 mass%H within 12 ks at 473 K, while the AC sample can desorb the same amount of hydrogen only beyond 20 ks. Furthermore, the desorption practically occurs even at 423 K in the WQ sample in contrast to the AC sample where it practically ceases. Figure 4 shows X-ray diffraction patterns of the WQ sample measured (a) before hydriding, (b) after hydriding to saturation at 573 K, and (c) after fully dehydriding at the same temperature for 3 hours in vacuum. Before hydriding, the sample consists of a multiphase structure involving Mg, Mg 2 Ni and Mg 12 Nd together with minor unknown phases. Upon hydriding, the structure changes to one involving MgH 2 , Mg 2 NiH 4 and Nd 2 H 5 , which indicates that Mg 12 Nd decomposes to MgH 2 + Nd 2 H 5 after hydriding. After subsequent dehydriding, the structure realters into one in- volving Mg, Mg 2 Ni and Nd 2 H 5 . In our previous work on Mg-rich Mg-Ni and Mg-Ni-Nd alloys, 9) we have suggested that the enhanced H/D kinetics of the ternary Mg-Ni-Nd alloy over the binary Mg-Ni alloy may be attributable to the multiphase structure of the ternary alloy which provides preferable nucleation sites for Mg-hydrides and Mg 2 Ni-hydrides. We have also suggested that a catalytic effect of Nd-hydrides is quite important for the enhancement, and discussed its mechanism in a separate paper. 11) In addition to these two factors that influence the reaction kinetics, the degree of refinement of the microstructure is considered to be another important factor at least for the desorption process. This is really proved by examining the H/D kinetics of the MS sample as shown below. Figure 5 shows a SEM image of an annealed MS ribbon sample before hydriding. The structure is quite uniform in comparison with those of the AC and WQ samples (see Fig. 1 ). In this sample, Mg 2 Ni particles (bright spots) of ∼0.3 µm in size are homogeneously distributed in the Mg matrix (gray region). An elaborate high-resolution transmission electron microscope (HRTEM) observation of this sample 11) indicates that it consists of Mg 2 Ni and Mg 12 Nd particles of 0.2-1.0 µm and ∼30 nm in diameter, respectively, precipitated in a Mg matrix with ultrafine grains of ∼5 nm. The MS sample has therefore been confirmed to have a much finer microstructure than those of the AC and WQ samples. Figure 6 shows XRD patterns of the MS sample measured (a) after melt-spinning but before annealing treatment, (b) after hydriding and (c) after dehydriding. The H/D conditions are the same as those for the WQ sample shown in Fig. 4 . The diffraction patterns for the hydrided and dehydrided specimens provide broad Bragg peaks reflecting ultrafine grain structures of the MS sample. However, the existing phase structures are similar to those of the WQ sample.
Since the MS sample has a much finer microstructure than those of the AC and WQ samples as shown above, the former is expected to exhibit faster H/D kinetics than the latter. Figure 7 shows (a) hydriding and (b) dehydriding characteristics of the MS sample. As expected, this sample exhibits considerably enhanced desorption kinetics compared with those of AC (Fig. 2(b) ) and WQ ( Fig. 3(b) ) samples, although no remarkable enhancement can be seen in the absorption behavior. The desorption rate of MS at 453 K is comparable with that of WQ at 473 K. The desorption rate of MS at 473 K is so rapid that ∼4.0 mass%H can be desorbed only within 2 ks. A comparison of the desorption behavior of the three kinds of samples at 423 and 473 K is provided in Fig. 8 , which clearly demonstrates that the hydrogen desorption properties of a Mg-rich Mg-Ni-Nd alloy can be significantly improved with the progress of the refinement of the microstructure of the alloy. Figure 9 shows pressure-composition isotherms (PCTs) of the MS sample measured at 543-603 K in the desorption process. Each PCT curve exhibits a plateau-like first stage and a minor second stage with increasing hydrogen content. The former corresponds to a reversible reaction Mg + H 2 ⇔ MgH 2 , while the latter to Mg 2 Ni + 2H 2 ⇔ Mg 2 NiH 4 , of the coexisting phases in the sample. 8, 9) Since both reactions are expected to proceed independently in the alloy, their equilibrium pressures inevitably reflect those of Mg and Mg 2 Ni single phases. The presence of a strongly curved region in the first stage of PCT is a characteristic of a nanostructured Mg-based alloy, and it probaly reflects an enhanced hydrogen solution in the grain-boundary region of the nanosized Mg grains.
11)

Conclusions
(1) The hydrogen storage properties of a Mg-Ni alloy added with a small amount of Nd are strongly influenced by the microstructure of the alloy composed of multiple phases. By refining their grain sizes to a submicron or a smaller range, the desorption rate of hydrogen can be appreciably improved.
(2) A Mg-rich Mg-Ni-Nd alloy of nanocrystalline structure fabricated by melt-spinning and subsequent annealing manifests excellent hydriding kinetics down to ∼423 K as well as dehydriding kinetics down to ∼453 K with a maximum hydrogen capacity of ∼5.0 mass%. All these properties are superior to any of those of conventional Mg-based alloys.
